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Abstract

In Gram-negative bacteria the outer membrane (OM) is the first line of defence against
antimicrobial agents and immunological attacks. A key part of OM biogenesis is insertion of
OM proteins (OMPs) by the B-barrel-assembly machinery (BAM). Here we report the cryo-
electron microscopy (cryoEM) structure of a BAM complex isolated from Flavobacterium
Jjohnsoniae, a member of the phylum Bacteroidota that includes key human commensals and
major anaerobic pathogens. This BAM complex is radically different from the canonical
Escherichia coli system and includes an extensive extracellular canopy that overhangs the
substrate folding site and a subunit that inserts into the BAM pore. We find that two of the
novel subunits involved in forming the extracellular canopy are essential for BAM function. For
one of these subunits isolation of a suppressor mutation allows the separation of their essential
and non-essential functions. The need for a highly remodelled and enhanced BAM complex

reflects the unusually complex membrane proteins found in the OM of the Bacteroidota.

Main text

Gram-negative bacteria are distinguished by the presence of an OM at the cell periphery’.
This membrane is the site at which the bacterium interacts with its environment (or host if a
pathogen), and provides the first line of defence against antibiotics, mechanical stresses, and
immunological attacks. These functions depend on the presence of proteins that either form a
transmembrane B-barrel (Outer Membrane Proteins, or OMPs) or are anchored to the
membrane by a lipid tail (lipoproteins). Sophisticated pathways are required to target, insert,
and fold these proteins. Although these pathways are well-characterised in E. coli and related
organisms?*, the mechanistic details of OM protein biogenesis in other major Gram-negative
phyla remain unclear. Knowledge of OM biogenesis is critically important in combating
antimicrobial resistance through identifying new antimicrobial targets (e.g. *®) or through

compromising the OM barrier function.

The BAM complex is central to OM biogenesis since it catalyses the folding and insertion
of nascent OMPs into the OM. The core of the BAM complex is BamA. In E. coli the BAM
complex also contains four periplasmic lipoprotein subunits, BamB, BamC, BamD, and
BamE’. Only BamA and BamD are essential for BAM function and the roles of the remaining
subunits remain poorly defined®. BamA is a member of the Omp85 family of 16-stranded
OMPs® and is related to the central subunit of the machinery that inserts B-barrel proteins into
the mitochondrial OM®. The BamA barrel has a periplasmic extension composed of five
POTRA (polypeptide transport—associated) domains to which the lipoprotein subunits bind'®-
12 Within the BamA barrel the seam between the first and last strands is unusually short and

10,12

weak and can open allowing the exposed N-terminal strand of the BamA barrel to pair with
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the C-terminal strand of an incoming substrate OMP'*'*. This structure in turn templates
insertion and folding of successive strands of the nascent OMP through B-augmentation. The
result is the formation of a hybrid barrel between BamA and the client OMP that is only

resolved when the OMP barrel has been completed and closes to release it from BamA'>¢.

It is currently assumed that the canonical BAM system of E. coli (BAMgc) is representative
of the structural organisation and mechanism of BAM complexes across the bacterial domain.
However, the OM proteins found in some bacterial phyla exhibit considerably greater structural
diversity than the E. coli OM proteome, raising the possibility that the capabilities of the BAM
machinery in these phyla might be augmented relative to BAMg.. One obvious case where this
might apply is the phylum Bacteroidota (formerly Bacteroidetes). The Bacteroidota are
abundant Gram-negative commensals in the human gut and other human microbiomes'” and
include major human opportunistic anaerobic pathogens responsible for sepsis (e.g.
Prevotella species, Bacteroides fragilis) and severe dental disease (Porphyromonas gingivalis
and Tannerella forsythia). In the Bacteroidota many OMPs are characterised by large

18-20 and

extracellular regions that are far more substantial than those found on E. coli OMPs
so the Bacteroidota BAM system must be capable of handling the biogenesis of such proteins.
In addition, and also in contrast to E. coli, the Bacteroidota possess abundant cell surface
lipoproteins (SLPs) which the BAM complex is considered a prime candidate to export'®?",
Importantly, both of these biosynthetic requirements are required to assemble the SUS
nutrient uptake systems that are a characteristic and highly abundant feature of the
Bacteroidota OM, because these are centred on a complex between a SLP (SusD) and an
OMP with large extracellular regions (SusC) '®?2. A further intriguing aspect of BAM in the
Bacteroidota is a possible connection with a Bacteroidota-specific protein transport system
called the Type 9 Secretion System (T9SS) . In those Bacteroidota possessing the T9SS,
two of the essential T9SS components are encoded at the bamA locus®* suggesting a

functional link between Bacteroidota BAM and Type 9 protein export.

To investigate the nature of the Bacteroidota BAM system we have isolated and
characterized the BAM complex from the T9SS-possessing bacterium Flavobacterium

jJjohnsoniae.

Structure of the F. johnsoniae BAM complex

We isolated the native F. johnsoniae BAM complex (BAMg;) using an affinity tag fused to
the BamA (Fjoh_1690) protein. Biochemical (Fig.1a) and structural (Fig. 1b Extended Data
Figs. 1, 2, and 3a, and Table S1) analysis revealed that the BAMr; complex contains five
proteins in addition to BamA. One of these proteins could be assigned as BamD (Fjoh_3469).

However, the remaining co-purifying proteins were unrelated to known BAM subunits from
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88  other organisms, nor did they include the anticipated T9SS components. We name the novel
89  BAMgF subunits BamF (Fjoh_1412), BamG (Fjoh_0823), BamM ("Metal ion-containing’,
90 Fjoh_0050), and BamP (*Periplasmic’, Fjoh_1771). Smaller BamA-containing complexes that
91  appear to be fragmentation products of the BAMf; complexes were also present in the sample
92  (Extended Data Fig. 1).
93 As in the E. coli BAM complex, BamA forms the core of BAME;to which the other subunits
94  are directly or indirectly attached (Fig. 1c). However, whilst the accessory subunits of the E.
95  coli complex are all located in the periplasm (Fig. 1c), BAMf has a remarkably different
96  organisation in which only BamD and BamP are periplasmic or part periplasmic proteins (Fig.
97  1b,d,e). Uniquely, the BamF subunit is a transmembrane OMP, whilst BamG and BamM are
98  SLPs that together form an extensive extracellular structure. BamF is bound to the “rear’ of
99 the BamA barrel relative to the lateral seam. The interaction between BamA and BamF is
100  reinforced by lipid binding on either side of the subunit interface. On one side these
101 interactions are provided by the phospholipid tail of BamG (Fig. 1f) and on the other by an
102 ordered lipopolysaccharide molecule in the outer leaflet of the membrane and two ordered
103 phospholipid molecules in the inner leaflet (Fig. 1g). BamG and BamM interact with each other
104  to form a long canopy-like structure on the extracellular side of the OM that extends from the
105  “rear’ of BamA across the BamA barrel and out beyond the lateral seam to cover the position
106 in the membrane where client OMPs assemble on BamA (Fig. 1b,d,e,h). The canopy is
107  positioned at an approximately constant height of 40 A above the inferred position of the
108  membrane bilayer and delineates a ca. 3,000 A® space above the membrane surface. The
109  canopy is anchored to the BAMg; complex through binding to extracellular “pillars’ provided by
110  the BamA and BamF subunits. At the periplasmic side of the membrane the folded domains
111 of the novel BamP subunit are bound to BamD and to the POTRA domains of BamA but
112  elaborate a loop that enters the interior of the BamA barrel (Fig. 1b,d,e,h,i). The more
113 membrane distal POTRA 1-3 domains of BamA, together with the C-terminal portion of BamP,
114  are poorly resolved in the structure and are modelled in all figures by placement of AlphaFold?
115  structures into the EM map (Fig. 1b).
116 In structurally characterised BAM complexes the lateral seam of BamA has been observed
117  to be either open or closed. In our BAMg; structure BamA is in the closed state. The lateral
118 seam is held together by two inter-strand hydrogen bonds (Fig. 1d,e) as in the darobactin-
119  bound state of BAMe:® which is its closest structural homologue (Fig. 1c).
120 The interstrand loops of the F. johnsoniae BamA barrel exhibit several notable structural
121  changes relative to the canonical E. coli protein (Fig. 2a,b). First, loop 2-3 in is enlarged by 15
122 residues relative to the E. coli protein, forming a short amphipathic structure along the
123 periplasmic face of the OM that extends away from the BamA barrel. Second, loop 9-10 is

124 highly elongated (84 residues in BamAg; relative to 8 residues in BamAg.) and extends out into
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125  the extracellular space where it folds into a B-sheet domain that provides the binding platform
126  for BamM. Finally, as in other BamA proteins, loop 11-12 enters the barrel lumen where it

127  contacts the barrel wall through a conserved "VRGF/Y motif 12627

the actual sequence being
128  77sLRGY7s2 in BamAFf). However, in BamAg; this loop is extended within the barrel pore by 16
129  residues relative to BamAg, forming an additional strand loop that extends across and fills the
130  extracellular end of the pore. Notably this additional loop contacts the most deeply inserted
131  piece of BamP. AlphaFold 3 modelling® indicates that all three of these loop structures are
132 highly conserved across Bacteroidota BamA proteins, although only the proteins from
133 Flavobacteria include the BamM-binding domain at the tip of loop 9-10.

134 The novel BamP subunit has a tripartite structure in which the N-terminal and C-terminal
135  regions form small structured domains that are linked by an extended central region (Fig. 2c).
136  The most N-terminal part of the protein folds into a carboxypeptidase-like regulatory domain
137  structure (a 4+3 B-sandwich with Greek-key topology) that binds to POTRAs 4 and 5 of BamA
138  (Figs. 1d,e and 2c). From this domain the central region extends up into the BamA barrel,
139  which it penetrates as far as loop 11-12 (Fig. 2a) while making conserved contacts with the
140 interior of the barrel (Fig. 2d). The loop then exits the open periplasmic end of the lateral seam
141  and runs back into the periplasm (Fig. 1d,e and 2a,c). BamP ends in a three-helix C-terminal
142 domain that is sandwiched between, and thus links, BamA POTRA 1 and BamD (Fig. 1d,e,i).
143 This blocks the direct contact between POTRA 1 and BamD that occurs in BAMec. In the
144 position seen in our structure BamP would block binding of the incoming substrate OMP at
145  the lateral gate. It would also block binding of the BAM-specific antibiotic darobactin®(Fig. 1c)
146  potentially explaining the insensitivity of Bacteroidota to this antibiotic®°.

147 BamF is a member of the FadL family of 14-stranded OMPs. These proteins are
148  characterised by a lateral opening in the transmembrane barrel and a long N-terminal tail that
149  threads through the barrel pore to reach the extracellular side of the membrane™ (Fig. 2e,f).
150  Canonical FadL proteins function as transporters for hydrophobic molecules. In these proteins
151 the lateral opening acts as a conduit to move hydrophobic substrate molecules from the
152  protein interior into the membrane bilayer®'. However, in BamF the N-terminal tail is extended
153  and now threads through the lateral opening with the N-terminal residue of the tail touching
154  BamA (Fig. 2e-g). Many additional contacts between BamF and BamA are present and span
155  the entire width of the bilayer. BamF also makes limited contact with BamD through the final
156  three amino acids of its C-tail (Fig. 1d Right). BamF is O-glycosylated on the periplasmic end
157  of the N-tail.

158 The extracellular portions of BamF function to anchor BamG to the BAMF; complex through
159  extensive contacts. Strands 3 to 7 of the BamF barrel extend into the extracellular space to
160  form the pillar onto which the proximal folded end of BamG docks (Figs. 2e-g). The lipidated

161  N-terminal tail of BamG is an extended piece of polypeptide that runs around the pillar in a


https://doi.org/10.1101/2025.02.17.638638
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.17.638638; this version posted February 17, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

162  deep groove in the BamF surface, before exiting towards BamA (Fig. 2g) in order to position
163  the three acyl chains to pack between the BamA and BamF barrels (Figs. 1g and 29).

164 BamG is an elongated molecule with a complex fold that resembles chondroitin sulfate-
165  binding carbohydrate binding domain at the BamF-proximal end (Fig. 2h and Extended Data
166  Fig. 3b). BamG is O-glycosylated on the side facing BamA (Fig. 2h).

167 BamM is composed of two domains (Fig. 2h). The N-terminal domain has a peptidyl-prolyl
168  isomerase (PPI)-like fold (Extended Data Fig. 3c). The C-terminal domain adopts a novel fold
169  that contains no well-defined secondary structural elements but which is structured in part by
170  the presence of seven metal ions (Fig. 2h and Extended Data Fig. 3c). Based on their co-
171  ordination chemistry we assign these metal ions as calcium ions. The phospholipid tail of
172  BamM is not resolved. Nevertheless, the N-terminus of the polypeptide can be fully traced and
173  is appropriately positioned to allow the attached lipid groups to insert in the OM (Fig. 1b,d,e).
174 BamG and BamM are arranged side by side along their long axes and are in contact for
175  about half their length around their centres (Fig. 2h). A large part of the interaction interface
176  between the two proteins arises through each subunit attaching a protruding B-hairpin to the
177  other protein (Fig. 2h). The membrane-proximal side of the BamGM unit would be expected
178  to face substrate proteins and has a deep central valley (Fig. 2i). This surface is hydrophilic,
179  highly acidic in the BamM portion, and shows little amino acid conservation (Fig. 2i) suggesting
180  that it does not make highly specific interactions with substrates.

181 F. johnsoniae possesses homologues of BamF, BamG, and BamP (Fig. 3a). The BamF and
182  BamG homologues, hereafter BamF2 and BamG2, are co-transcribed (fioh_1686-1685 locus).
183  Notably BamG2 would be unlikely to interact with BamM as it lacks the protruding B-hairpin
184  that BamG uses for this purpose. The bamP operon encodes two further BamP homologues,
185  which we term BamP2 (Fjoh_1769) and BamP3 (Fjoh_1770). A further BamP homologue,
186  BamP4 (Fjoh_2401), is coded at another locus. The BamP homologues have related folded
187  domains but markedly diverge in the interdomain loop. With the exception of BamP4, none of
188  these BAMFjsubunit homologues is expressed at an appreciable level in cells cultured on rich
189  medium*.

190

191 BamFG are conserved across the FCB superphylum

192 BamA, BamD, BamF, and BamG are universally conserved across the Bacteroidota
193 suggesting that they comprise the core components of the Bacteroidota BAM system (Fig. 3a
194  and Table S2). Notably the novel BamF and BamG subunits are also conserved across six of
195  the seven phyla that together with the Bacteroidota comprise the wider FCB (Fibrobacterota-
196  Chlorobiota-Bacteroidota) superphylum (Fig. 3a) indicating that these phyla also possess a
197  Bacteroidota-like BAM complex. Although additional homologues of BamF and BamG are

198  found in F. johnsoniae this is not a general feature of FCB BAM systems (Fig. 3a).
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199 Homologues of the full length BamM protein are only found in the genus Flavobacterium,
200 and this is also true of the structures in BamA (elaborated L9-10) and BamG (protruding 8-
201  hairpin) that bind this subunit. Thus, BamM is a Flavobacterium-specific accessory subunit.
202 The degree to which BamP is conserved is more difficult to assess because it is composed
203  of a mix of common and poorly defined protein folds. Nevertheless, obvious homologues are
204  restricted to the Family Flavobacteriaceae suggesting that this subunit may not be a general
205  feature of Bacteroidota BAM complexes.

206

207 BamM and BamP are not essential for core BAMg; function

208 In order to probe the functional roles of the novel BAMf; subunits we attempted to disrupt
209  their coding genes. The genes encoding BamM and BamP were successfully deleted either
210  alone or in combination (Extended Data Fig. 4a,b). However, we were unable to delete the
211  genes for BamF or BamG (or in control experiments BamA and BamD) suggesting that these
212 proteins are essential (Extended Data Fig. 4b).

213 Strains lacking either BamM or BamP or both exhibited no growth defect in rich medium
214  (Extended Data Fig. 4c). They also showed no defect in the canonical BAM function of OMP
215 insertion as assessed through testing for loss of OM integrity by sensitivity to detergents, to
216  EDTA, or to the normally OM-impermeable antibiotic vancomycin’(Extended Data Fig. 4d).
217  We raised the possibility above that the Bacteroidota BAM complex could have a role in the
218  biogenesis of SusCD systems or in the operation of the T9SS. However, we observed no
219 inhibition of growth of the deletion mutants on carbon sources (galactomannan and
220  xyloglucan) that require SusCD systems to metabolise®*(Extended Data Fig. 4e) or of the
221  ability of cells to sustain the T9SS-dependent process of gliding motility** (Extended Data Fig.
222 4f). Thus, under laboratory conditions BamM and BamP do not detectably contribute to BAMF;
223 function.

224 The genes coding for the BAMF; subunit homologues could also be deleted (Extended Data
225  Fig. 4b). The resulting strains again show no defects in cell growth or OM integrity with the
226  exception that loss of BamP4 results in a modest reduction in sensitivity to EDTA (Extended
227  Data Fig 4c-e).

228

229  Structural consequences of removing the BamP subunit

230 The central loop domain of BamP is bound at the lateral seam of BamA in a way that would
231  sterically impede hybrid barrel formation with the substrate protein. Consequently, this loop
232 must become displaced during the BAMF; catalytic cycle. In an attempt to mimic the loop-
233 displaced state we deleted the BamP subunit and structurally characterised the resulting

234 BamA complex.
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235 Although the BamA preparation from the BamP-deleted strain contained all the remaining
236  BAME subunits, only BamAD complexes could be identified by EM following cryo-freezing (Fig.
237  3b, Extended Data Fig. 5, and Table S1). Fortunately, this loss of the BamFGM subunits does
238  not in itself affect the conformation of the BamA barrel since the barrel conformer does not
239  change between the full BAMg complex and a BamAP sub-complex present in the original
240  BAME preparation (Figs. 1a and 3b,c, Extended Data Fig. 6, and Table S1).

241 In the absence of BamP the BamA barrel remains in the Closed state (Fig. 3b). Indeed,
242 removing BamP allows the C-terminal strand of the barrel to slide along the N-terminal strand
243 towards the periplasm to form an additional hydrogen bond at the lateral seam (Fig. 3e). This
244 change in strand register at the lateral seam results in a limited distortion of the barrel cross-
245  section (Fig. 3d). These structural changes suggest that BamP does not function to lock BamA
246  inthe closed state but rather assists in the transition to the open state by partially destabilising
247  the lateral seam.

248 Unexpectedly the BamAD complex structure contains partial density for a second B-barrel
249  positioned on the lateral seam side of BamA (Fig. 3f,g) as well as unconnected density at the
250  periplasmic side of the BamA lateral seam that we model as a phenylalanine side chain (Fig.
251  3b,c,e,g,h). The second barrel could correspond either to a second poorly ordered copy of
252 BamA or the averaged density of the mixture of OMPs that proteomics detects as co-purifying
253  with the BamAD complex. It is unclear whether the second barrel and phenylalanine are
254  adventitiously bound or correspond to substrate analogues.

255

256  Assessing the effects of depleting essential BAMg subunits

257 To gain insight into the roles of the essential BamF and BamG proteins we developed a
258  genetic system to allow gene depletion in F. johnsoniae. In this system a duplicate copy of the
259 gene of interest is expressed ectopically on the chromosome under the control of a TetR-
260  repressible promoter (Extended Data Fig. 3a-d). Provided expression of this second copy of
261  the gene is maintained by the inclusion of the inducer anhydrotetracyline (aTC) in the growth
262  medium, the native copy of the gene can be deleted. If aTC is then omitted from the growth
263  medium of the resulting strain, the target protein is no longer synthesised and becomes
264  depleted as the cells grow and divide. Using this depletion strategy we confirmed that BamF,
265 BamG and, as a comparator, BamA are essential for growth under standard laboratory
266  conditions (Fig. 4a). In all three cases full depletion of the target protein is apparent by 6 hours
267  after removal of the inducer (Fig. 4b) at which point cell growth slows (Fig. 4a). Within a further
268  two hours the cells become noticeably misshapen (Extended Data Fig. 7e) and start to lose
269  periplasmic contents (Fig. 4b, SkpA lanes). More detailed analysis of the depleted cells by
270  transmission electron microscopy shows that all three depletion strains exhibit a similar

271  perturbed morphology in which the OM no longer buds OM vesicles®® but has become
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272  deformed by massive blebbing, while the inner membrane remains intact (Fig. 4c). Thus,
273  depletion of any of the three essential BAME; subunits leads to gross defects in OM biogenesis.
274  Similar morphological defects in the OM have been reported in E. coli following BamA
275  depletion®®.

276 The effects of the BAM subunit depletions on the cellular levels of the remaining BAME;
277  components and of representative OMPs and SLPs was assessed by immunoblotting (Fig.
278 4b). The analysed proteins include the two most abundant F. johnsoniae OM
279  components®**%"3® namely OmpA (Fjoh_0697), which is an 8-strand OMP that anchors the OM
280  to the cell wall, and a SUS complex of unknown function that we show here to be composed
281  of a 22-strand SusC OMP (Fjoh_0403) together with its SusD SLP partner (Fjoh_0404) and a
282  structurally unrelated SLP SusE (Fjoh_0405)(Extended Data Fig. 7f). The levels of SprF, a 14-
283  strand OMP involved in gliding motility*®, were also assessed. The effects of depleting all three
284  BAME subunits were broadly similar. OMP levels fell after depletion of the target subunit,
285  although at differing rates. OmpA is notably slow to deplete. It is possible that in addition to
286  BAMFEother members of the Omp85 family present in the F. johnsoniae OM may also be able
287  to insert this simple OMP as has recently been demonstrated for the E. coli TAM complex*.
288  The levels of the SLPs also decreased (SusD and SusE) with the exception that BamG levels
289  actually increased.

290 Because F. johnsoniae is able to release OM vesicles (Fig. 2c and **) we investigated
291  whether the reduced OM protein levels in the depletion strains were a consequence of OM
292 loss through vesicle shedding. However, no increase in OM protein was detected in the vesicle
293  fraction of the culture supernatant (Extended Data Fig. 7g). Thus, as in E. coli*', the OM is not
294 being lost through vesicle production when BAM is depleted. The observed reduction in OMP
295  levels therefore reflects defects in their biogenesis.

296 Analysis of the surface exposure of the SLP SusE provides no evidence that SLPs are
297  accumulating inside the depletion strains and thus no evidence that their export is blocked
298  (Fig. 4d, Extended Data Fig. 7h).

299 We extended our analysis of the effects of the Bam subunit depletions to the whole OM
300 proteome (Fig. 4e, Extended Data Fig. 7i, Supplementary Data 1). We analysed membranes
301 collected 6 hours after removal of the inducer at which point depletion of the target subunit is
302 complete but the other BAME; subunits are still present and the OM is still intact (Fig. 4a-c).
303  The overall pattern of OM proteome changes in all three depletions is similar with marked
304 decreases in the levels of many OMPs (Fig. 4e and Extended Data Fig. 8a). A number of SLPs
305 also decrease in abundance. Thus, removal of the essential BAMg; subunits has the general
306 effect of reducing the levels of OM proteins.

307 As an alternative to fully depleting the BAMf; subunits, we also investigated the effects of

308  chronically reducing the steady state concentration of BamG to a level at which there is a
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309 marked effect on cell growth (Fig. 4a,f). Cells of this strain had less severe defects in OM
310  morphology than after full BamG depletion although the budding of OM vesicles seen in the
311  parental strain was almost fully suppressed (Fig. 4c). The differences in the steady state OM
312  proteome in this strain relative to that in wild type cells followed the same trends as the
313  proteome changes seen in the total depletion experiments in showing a general reduction in
314 OMPs and SLPs (Fig. 4f,g and Extended Data Figs. 7i and 8a).

315 In summary, the loss of either BamF or BamG results in changes in the OM proteome and
316  cellular morphology that closely match those associated with the total loss of BAM function
317  that occurs when BamA is removed. Thus, BamF and BamG are both essential for the core
318  BAMFfunction of OMP insertion.

319

320 Isolation and characterization of a bamG suppressor mutant

321 The requirement for BamF and BamG in BAMF; function could reflect a direct involvement
322  of these subunits in the general OMP biogenesis function of the BAM complex. However, the
323  same phenotype could also arise indirectly if BamF and BamG have a specialised role in the
324  maturation of a subset of BAMF; clients such that in their absence these clients accumulate on
325 BamA and interfere with its ability to carry out general OMP biogenesis. To test this second
326  possibility, we asked whether substrate proteins were stably trapped on BamA complexes
327 isolated from strains depleted for BamF or BamG or, as a control, deleted for BamM. In each
328 case a BamADP or BamADFP complex was recovered (Extended Data Fig. 9a,b) indicating
329  that linking BamF and BamM together via BamG stabilises their interactions with BamA.
330 However, no additional proteins that could correspond to trapped substrate molecules were
331  co-purified with any of the preparations.

332 If the hypothesis that BamF and BamG have client-specific roles in BAMf; function was
333  correct, then we envisaged that it might be possible to identify suppressor mutations that
334  relieve the secondary effects of BamF/G removal on general BAM function. We were able to
335 select a spontaneous mutant of the BamG depletion strain that allowed growth in the absence
336  of the inducer aTC. Genome sequencing identified a Q801K substitution in BamA as most
337 likely to be responsible for the suppressor phenotype. Re-creation of the BamA Q801K
338  substitution in a clean background permitted deletion of both bamG and its orthologue bamG2
339  confirming that this single amino acid substitution was responsible for the bamG suppressor
340  phenotype. The resultant bamA®%°™ AbamG AbamG2 strain (hereafter bamG**) grew as
341  rapidly as the wild type strain on rich medium (Fig. 5a) even though BamG is absent (Fig. 5b).
342 Thus, although bamG behaves as an essential component of BAMg; in the native context, it is
343  dispensable in an experimentally-modified genetic background. This has parallels to the way

344  that E. coli BamD can be deleted in a bamA suppressor background*?. Importantly, the
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345  bamA®¥"® mutation did not allow deletion of bamF, indicating that BamG and BamF have non-
346 identical functions (Extended Data Fig. 4b).

347 The bamG®* strain had normal cellular morphology (Fig. 5¢) and no defect in OM integrity,
348  SLP export, or gliding motility (Extended Data Fig. 10a-c). The levels of SusC, SusD, and
349  SuskE were restored to wild type levels (Fig. 5b) and the cell was able to assemble these
350 proteins into SusCDE complexes (Extended Data Fig. 10d). Thus, the most abundant F.
351  johnsoniae SUS system does not rely on BamG for its biogenesis.

352 Analysis of the OM proteome of the suppressor strain showed strong restoration of the
353  levels of many OMPs and SLPs relative to BamG-depleted conditions (Fig. 5d and Extended
354  Data Fig. 8b). However, the levels of other OM proteins were poorly recovered suggesting that
355 these proteins were particularly sensitive to the loss of BamG. These sensitive proteins were
356  almost all SusCD pairs and their SLP partners (Extended Data Fig. 8b). Thus, BamG may be

357  particularly important in the biogenesis of a subset of SUS systems.
358

359 Discussion

360 The BAM complex from the Bacteroidota F. johnsoniae is extensively remodelled and
361 elaborated relative to the canonical BAM complex of the y-Proteobacterium E. coli (Fig. 1c¢,d).
362 F.johnsoniae BAM retains only the BamAD core from the E. coli complex, dispensing with the
363  other periplasmic lipoprotein subunits, but adding novel subunits located in the OM (BamF),
364 in the extracellular environment (BamG and BamM), and inserted into the BamA barrel
365 (BamP). Of these additional subunits only BamF and BamG are universally conserved across
366 the Bacteroidota (Fig. 3a), suggesting that these proteins are central to the operation of the
367 Bacteroidota BAM system. This inference is supported by our observation that these two
368  subunits, but not BamM and BamP, are essential for cell survival in an otherwise wild type
369 background. Thus, the essential core of BAM has been expanded from BamAD in the
370  canonical BAMgc. complex to BamADFG in Bacteroidota BAM.

371 Depletion of the central BamA subunit reveals the cellular effects of loss of BAMg; function
372  (Fig. 4a-c). As expected, the major impact is on OMP biogenesis. However, levels of SLPs
373  also decrease to a lesser extent. Whilst this would be consistent with a role for BAMg; in SLP
374  biogenesis, assigning causality is complex because any OM protein involved in this process
375  will indirectly depend on BAMEg for their own biogenesis. Furthermore, our biochemical
376  analysis provides no evidence that loss of BAMg leads to the accumulation of non-exported
377  SLPs inside the cell (Fig. 4d).

378 During our BAME; subunit depletion experiments a considerable reduction in the level of the
379  target subunit is required before there is an effect on growth rate or OMP biogenesis (Fig.

380  4a,b,f). Similarly, even under inducing conditions the levels of BamG in the BamG depletion
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381  strain are only small fraction of those in the wild type bacterium (Extended Data Fig. 7d) yet
382  growth in rich medium and OM morphology are unaffected (Fig. 4a,c and Extended Data Fig.
383  7e). These observations, indicate that the BAMg system has considerable excess capacity
384  even in rapidly growing cells. This may explain why the BamM and BamP subunits, if they
385  promote BAM catalytic efficiency rather than being mechanistically essential, can be removed
386  without obvious phenotypic effect when cultured in the laboratory under either rapid (rich
387  medium) or slow (single sugar carbon source in minimal medium) growth conditions (Extended
388  Data Fig. 4c,e).

389 The novel BamF, BamG, and BamM subunits of BAMg form a canopy structure at the
390 extracellular side of the complex and anchor this to BamA. This canopy provides a protected
391 extracellular cavity above the position in the membrane where client OMPs assemble on
392  BamA and suggests that it functions to form an extracellular folding vestibule. Consistent with
393 this hypothesis, BamM has a PPI-like domain that could assist in folding. A possible precedent
394  for folding assistance at the trans side of an BAM-like machine comes from the mitochondrial
395 SAM complex which contains subunits that contact client OMPs from the cytoplasmic
396 (external) side of the membrane**. The BAM canopy might protect folding intermediates on
397 the BAM complex from proteolysis through sterically blocking the access of proteases present
398 in the extracellular environment. Similarly, the presence of the canopy should sterically
399  exclude LPS molecules (which have large head groups and form rigid arrays in the OM'**)
400 from the region of the membrane next to the lateral seam. This would provide a patch of
401  phospholipid bilayer in the OM for client OMPs to fold into.

402 The novel BamF, BamG, and BamM subunits of BAMg; are likely to expand the range of
403 OMPs inserted relative to the canonical BAMe. complex and, therefore, act on specific
404  structural classes of proteins that are only found in the Bacteroidota. In addition, their cell
405  surface location implies that the novel subunits act on the extracellular portions of BAM
406  substrates. Given these expectations it most likely that these new components are involved in
407  one or more of the following processes: biogenesis of OMPs with large extracellular regions;
408  assisting BamA to transport and fold SLPs (but see comments above); allowing the assembly
409  of the abundant SusCD family complexes that characterise the Bacteroidota OM. In this
410  context it may be significant that the only phylum within the FCB grouping that lacks BamF
411 and BamG proteins (the Chlorobiota) also lacks both SusCD systems and the FCB-specific
412  T9SS translocon channel SprA, which has more than 150kDa of polypeptide on the
413  extracellular side of the membrane? (Fig. 3a). Thus there is a correlation between having a
414  BAMg-like BAM complex and being able to build the SusCD systems and T9SS translocon
415  that characterize the FCB superphylum. Our observation that a subset of SusCD proteins are
416  only minimally recovered by a bamG suppressor mutation (Fig. 5d) supports the idea that at

417  least BamG is involved in the assembly of some SusCD systems.
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418 In Fig. 5e we compare the proportions of BAMf; with those of the SusCD unit that it may
419 assemble as well as the more classical E. coli OMP substrate OmpA that does not have an
420  extensive extracellular domain. What is immediately obvious is that whilst SusC can be
421 accommodated under the BAMg canopy, the full SusCD complex cannot do so without the
422  canopy being raised. However, displacement of the canopy appears unlikely due to the
423  tethering of the canopy to BamA and BamF at one end, and to the membrane by the lipid
424  anchor of BamM at the other. If lifting of the BamM anchor end is possible, then this would
425  require either distortion of the membrane bilayer around the lipid anchor and/or unfolding of
426  the first part of BamM. These considerations suggest that SusC is likely to fold on BAMg and
427  be at least partially released before forming a complex with its SusD partner.

428 We were able to select a suppressor mutation in bamA that compensates for the loss of the
429 BamG subunit. This single amino acid substitution in BamA is sufficient to restore OMP
430  biogenesis and OM morphology (Fig. 5b,c) showing that general OMP insertion in F.
431  johnsoniae does not physically require the presence of BamG. It is unlikely that the
432  suppressing amino acid substitution in BamA functions by replicating the role of BamG since
433 it is difficult to see how alterations in BamA could create a similar structural environment to
434  the BamG-containing extracellular canopy. Instead, it is most plausible that the suppressor
435  substitution acts by compensating for the toxic consequences of loss of BamG function. Since
436  removal of BamG closely phenocopies the loss of BamA (Fig. 4b,c,e-g ), the most probable
437  suppression scenario is that loss of BamG blocks BamA function through the accumulation of
438  stalled BamG-requiring substrates and that this blockage is relieved by a structural change in
439  BamA that corrects the problem, for example by accelerating substrate release. The BamA
440 residue thatis substituted in the bamG suppressor, GIn801, is located in barrel loop 11-12 that
441  lies over the extracellular end of the BamA pore (Fig. 2a). GIn801 is hydrogen-bonded through
442  its side cain oxygen atom to the main chain amine of Gly591 in adjacent loop 9-10 (Fig. 2a)
443  so it is likely that its substitution disrupts the packing of the BamA extracellular cap. We
444  speculate that this may marginally destabilise BAM-substrate interactions allowing the release
445  of malfolded substrates.

446 Although analysis of the bamG suppressor allowed us to identify certain SusCD proteins
447  that are heavily dependent on BamG for their biogenesis, many other SusCD systems,
448  including the most abundant SusCDE complex, were well-restored in the same background
449  (Fig. 5b,d Extended Data Fig. 9d). We interpret this as meaning that most BamG clients are
450  able to fold without BamG during the vast majority of BAMf; turnovers and that BamG is only
451  required to correct a small proportion of insertion events that go wrong. In this model BamG
452 has a quality control role that prevents infrequent errors in folding blocking the BAME; complex.

453  Alternatively BamG may play a more critical role in the biogenesis of these proteins under
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454  specific conditions such as stress or under conditions that are not readily replicated in the
455  laboratory.

456 It is not possible to delete bamF in the bamG-suppressing background indicating that BamF
457  has non-identical roles(s) to BamG. Since BamF anchors BamG to BamA, loss of BamF most
458  likely affects both BamG function (which should be correctable by the suppressor mutation)
459  and an additional function affecting core BAM OMP insertion activity (which the suppressor
460 cannot correct). Thus, BamF may be an obligate mechanistic partner of BamA in the
461  Bacteroidota.

462 Our work shows that the Bacteroidota contain a heavily modified BAM complex that
463  presents a new paradigm for outer membrane protein biogenesis in this very important group
464  of organisms.

465
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488  Materials and Methods
489
490 Bacterial strains and growth conditions

491 All strains and plasmids used in this work are listed in Tables S3 and S4. F. johnsoniae was
492  routinely cultured aerobically in Casitone Yeast Extract (CYE) medium *® at 30 °C with shaking.
493 For some physiological studies the cells were cultured in PY2 medium*® as indicated below.
494  For experiments testing growth on complex sugars cells were cultured in a 96-well plate in a
495  CLARIOstarPlus plate reader using the modified minimal A medium described in** and
496  containing 0.25 % (w/v) of either Carob galactomannan (Megazyme, CAS Number: 11078-30-
497 1) or tamarind xyloglucan (Megazyme, CAS Number: 37294-28-3) as the sole carbon source.
498  E. coli strains were routinely grown aerobically in LB medium at 37 °C with shaking, or on LB
499  agar plates. Where required, 100 ug ml”" erythromycin was used in growth medium for F.
500  Johnsoniae. 100 ug ml”" ampicillin or 50 pg ml™ kanamycin were used in growth medium for
501 E. coli. A final concentration of 0.2 yg ml™ and 2 ug mlI". aTC (CAY10009542-50 mg,
502 Cambridge Bioscience Ltd) was used as a final concentration of 0.2 pg mI”' (liquid culture) and

503 2 ug ml (agar plates).
504
505 Genetic constructs

506 Plasmids were constructed by Gibson cloning*’ using the primers and target DNA in Table
507  S3. Suicide and expression plasmids were introduced into the appropriate F. johnsoniae
508  background strain by triparental mating as previously described*®. Chromosomal modifications
509  were introduced using the suicide vector pYT313 harboring the counter-selectable sacB gene
510 as previously described*. All plasmid constructs and chromosomal modifications were

511  confirmed by sequencing.
512
513  Construction of a tightly regulated gene expression system for F. johnsoniae

514 The aTC-inducible systems for the depletion of essential Bamg components (Extended
515 Data Fig. 7a) were based on the native F. johnsoniae ompA and fjoh_0824 promoters and
516  contain the 100bp upstream of ompA or fjioh_0824. Guided by the observations of Lim and co-
517  workers*® a tetO2 site (TetR binding site) was inserted upstream of the conserved -33 motif in
518  these promoters and another tetO2 site downstream of the conserved -7 motif generating the
519  synthetic promoters Pompainauc and Pron_os24inauc (Extended Data Fig. 7b). The constructs also
520  contain tetR under the control of an additional copy of the constitutive F. johnsoniae ompA

521  promoter. The final inducible systems containing the gene to be induced were integrated into
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522  the chromosome at an assumed phenotypically neutral site?3°

523 fioh_4540.

by replacing fioh 4538 to

524 The designed inducible systems were validated using strains in which a NanoLuc reporter
525  gene® was placed under the control of the chromosomally-integrated aTC-inducible systems
526  (Extended Data Fig. 7c). Overnight cultures of these strains were diluted 1:100 into fresh CYE
527  medium in the absence or presence of 0.2 ug ml™ aTC and cultured for 6 h to mid-exponential
528  phase (ODggo ~0.6). Cells were collected and resuspended in PY2 medium to ODegpo=0.6. A
529  volume of 50 pl of cell resuspension was mixed with 50 pl of reaction solution (48 ul PY2
530  medium supplied with 2 pl of furimazine (Promega)) in a 96-well plate and the luminescence

Plus

531  signal measured in a CLARIOstar ™ plate reader.

532 Strains to enable the depletion of the essential BAMf; subunits were constructed by
533 introducing a copy of the target gene under the control of the designed inducible system into
534  the chromosome at the phenotypically neutral site. The native copy of the target gene was

535  then be deleted in the presence of aTC to allow expression of the introduced copy of the gene.
536
537  Purification of BAMf; and SusCDE complexes

538 To purify complexes containing Twin-Strep tagged BamA, the relevant strain was cultured
539  for 22 h in CYE medium using 1 | culture volume in 2.5 | flasks. A total culture volume of 12 |
540  was used for sample preparations for structure determination, and 4 | of culture was used for
541 analytical purifications of BAMg; variants. Cells were harvested by centrifugation at 12,0009
542  for 30 min and stored at —20 °C until further use. All purification steps were carried out at 4
543  °C. Cell pellets were resuspended in buffer W (100 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM
544  EDTA) containing 30 pg/ml DNase |, 400 pg/ml lysozyme and 1 mM phenylmethylsulfonyl
545  fluoride (PMSF) at a ratio of 5 ml of buffer to 1 g of cell pellet. Cells were incubated on ice for
546 30 min with constant stirring before being lysed by two passages through a TS series 1.1 kW
547  cell disruptor (Constant System Ltd) at 30,000 PSI. Unbroken cells were removed by
548  centrifugation at 20,0009 for 20 min. The supernatant was recovered and total membranes
549  were collected by centrifugation at 230,000g for 75 min. Membranes were resuspended in
550 buffer W to a protein concentration of 6.5 mg/ml and solubilized by incubation with 1% (w/v)
551  lauryl maltose neopentyl glycol (LMNG, Anatrace) for 2 h. Insoluble material was removed by
552 centrifugation at 230,000g for 75 min. Endogenous biotin-containing proteins were masked by
553  addition of 1 ml BioLock solution (IBA Lifesciences) per 100 ml of supernatant and incubation
554  for 20 min with constant stirring. The solution was then circulated through a Strep-TactinXT
555  4Flow High Capacity column (IBA Lifesciences) overnight. The column was washed with 10
556  column volumes (CV) of buffer W containing 0.01% LMNG (buffer WD) and bound proteins
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557  were eluted with 6 CV Strep-TactinXT BXT buffer (IBA Lifesciences) containing 0.01% LMNG.
558  The eluate was concentrated to 500 ul using a 100-kDa molecular weight cutoff (MWCO)
559  Amicon ultra-15 centrifugal filter unit (Merck) and then injected onto a Superose 6 Increase
560  10/300 GL column (Cytiva) previously equilibrated in buffer WD. Peak fractions were collected
561  and concentrated using a 100-kDa MWCO Vivaspin 500 column (Sartorius).

562 Purification of SusCDE complexes with a N-terminal Twin-Strep tag on SusC was carried

563  out by the same protocol.
564
565 Peptide mass fingerprinting

566 Samples were excised from Coomassie-stained gels. For whole sample proteomic analysis,
567  SDS-PAGE was carried out only until the sample had fully entered the gel and the protein
568  smear at the top of the gel was excised. Samples were subject to in-gel trypsin digestion and
569 electrospray mass spectrometry at the Advanced Proteomics Facility (University of Oxford,
570  UK).

571
572 Immunoblotting

573 Immunoblotting was carried out as previously described?*. Antibodies against BAM subunits,
574  Sus proteins, and SkpA were raised in rabbits against His-tagged recombinant proteins
575  produced using the plasmids listed in Supplementary Table 2. Antiserum against OmpA® was
576  provided by Satoshi Shibata (Tottori University) and antiserum against SprF*° by Mark
577  McBride (University of Wisconsin-Milwaukee). The following commercial antisera were used:
578  anti-StrepTag (34850 Qiagen), anti-GroEL (G6532 Merck), anti-Alfa Tag (N1582 Synaptic
579  Systems GmbH), anti-His tag (H1029-100UL Merck Life Science UK Limited), anti-mouse IgG
580 peroxidase conjugate (A4416 Merck), and anti-rabbit IgG peroxidase conjugate (31462
581  Pierce).

582
583  BAM subunit depletion experiments

584 The desired depletion strain was grown overnight in CYE medium supplemented with 0.2
585 ugml'aTC. Cells from 1 ml of the overnight culture were collected, washed once in 1ml CYE,
586  and resuspended in 1 ml of CYE medium. Cells from this sample were then used to inoculate
587 15 ml of CYE medium, either with or without 0.2 ug mI™" aTC, to ODg00=0.02. The cells were

588  then cultured aerobically at 30 °C and cell samples collected into SDS sample buffer every 2
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589  h for subsequent analysis by immunoblotting. Samples for imaging or membrane preparation

590  were collected and analysed as detailed below.

591 To purify BamA complexes after depleting the essential BamF or BamG subunits, a 200
592  ml overnight culture of the appropriate strain grown in the presence of 0.2 yg mI" aTC was
593  collected and resuspended in the same volume of fresh CYE medium without aTC. This
594  sample was used to inoculation 8 | of CYE without aTC to ODso=0.1 which was then cultured
595  aerobically at 30 °C for 6 h. Cells were collected and BamA complexes processed for

596 purification as described above.
597
598  Microscopic analysis of cells during BAM subunit depletions

599 Live cells were imaged directly in growth medium by spotting samples taken from
600  depletion cultures onto a 1% agarose pad prepared in PY2 medium. Phase contrast images
601  were acquired on an inverted fluorescence microscope (Ti-E, Nikon) equipped with a perfect
602  focus system, a 100x NA 1.4 oil immersion objective, a motorized stage, and a sCMOS

603  camera (Orca Flash 4, Hamamatsu).

604 For transmission electron microscopy, cells were collected at the required time points
605  during depletion by centrifugation at 8,000 g for 5 min. After carefully removing the
606  supernatant, cell pellets were gently resuspended in 1 ml of fixative solution (2.5%
607  glutaraldehyde, 4% formaldehyde in 0.1 M PIPES buffer, pH 7.4) and incubated at room
608  temperature for 1 h. Following fixation cells were washed with TEM buffer (100mM PIPES
609 NaOH pH 7.2), treated with TEM buffer containing 50 mM glycine, washed again in TEM
610 buffer, and then subjected to secondary fixation with TEM buffer containing 1% (w/v) osmium
611 tetroxide and 1.5% (w/v) potassium ferrocyanide. Samples were then washed extensively with
612  Milli-Q water, stained with aqueous 0.5% (w/v) uranyl acetate overnight, then washed again
613  with Milli-Q water. The samples were dehydrated through an ethanol series and infiltrated with
614 and embedded in TAAB low viscosity epoxy resin ahead of polymerisation at 60 °C for 24 h.
615  Sections of 90 nm were cut from the resin blocks using a Leica UC7 Ultramicrotome and
616  collected onto 3 mm copper grids. The sections were then post-stained with lead citrate and
617 imaged using a JEOL Flash 120kV TEM equipped with a Gatan Rio camera.

618
619  Whole membrane proteomics

620 15 ml of cells at the 6 h time point of the standard depletion experiment were collected by
621  centrifugation at 8,000 g for 5 min at 4 °C. The cells were resuspended in 1 ml of buffer W and

622  lysed on ice using a probe sonicator (Sonics Vibra Cell, probe 630-0422) at 40% power by 12
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623  repeats of a 10 s on/10 s off pulse cycle. After lysis, the samples were centrifuged at 20,000
624 g for 20 min at 4 °C to remove cell debris. The supernatant was then centrifuged at 135,000
625 gfor45 minat4 °C to pellet the membranes. The membranes were resuspended in buffer W
626  and the protein contents of the samples normalised by Azsonm. The samples were run together
627  on SDS-PAGE gels and stained with Coomassie Blue (Extended Data Fig. 7j) to confirm that

628  normalisation had been correctly implemented.

629 Membrane fractions were resuspended in lysis buffer containing 1% SDS, 0.1 M ammonium
630  bicarbonate pH 8.0. Samples were sonicated for 5 x 15s in a water bath with 15 s incubations
631  onice between each pulse cycle. The samples were clarified by centrifugation at 17,500 g for
632 30 min and 50 pg of total protein lysate was taken for analysis. Samples were reduced for 30
633  min using 10 mM tris(2-carboxyethyl)phosphine (TCEP) followed by alkylation for 30 min in
634  the dark using 2-chloroacetamide. SpeedBeads Magnetic Carboxylate Modified Particles (GE
635  Healthcare) were mixed with the sample in a 10 volumes beads : 1 volume sample ratio and
636  the samples shaken for 10 min at 1,000 rpm. The beads were then washed twice (8x volumes)
637  with 70 % ethanol followed by 100 % acetonitrile. 100 mM ammonium bicarbonate was added
638 to the washed beads and pre-digestion with endoprotease LysC (Wako; 1:100) was carried
639  out at 37 °C for 2 h. This was followed by 16 h digestion with trypsin (Promega, 1:40) at 37
640  °C. The supernatant was collected and any remaining bound peptides were eluted from the
641  beads using 2% dimethyl sulfoxide (DMSO). Digested peptides were loaded onto C18 stage
642  tips, pre-activated with 100 % acetonitrile and 0.1 % formic acid and centrifuged at 4000 rpm.
643  The tips were then washed with 0.1% formic acid and eluted in 50 % acetonitrile / 0.1 % formic

644  acid. Eluted peptides were dried in a speed-vac.

645 Peptide analysis employed a Thermofisher Scientific Ultimate RSLC 3000 nano liquid

646  chromatography system coupled in-line to a Q Exactive mass spectrometer equipped with an

647  Easy-Spray source (Thermofisher Scientific). Peptides were separated using an Easy-Spray
648 RSLC C18 column (75um i.d., 50 cm length, Thermofisher Scientific) using a 60 min linear
649 15 % to 35 % solvent B (0.1 % formic acid in acetonitrile) gradient at a flow rate 200 nL/min.
650  The raw data were acquired on the mass spectrometer in a data-dependent acquisition (DDA)
651 mode. Full-scan MS spectra were acquired in the Orbitrap (Scan range 350-1500 mi/z,
652  resolution 70,000, AGC target 3e6, maximum injection time 50 ms). The 10 most intense
653  peaks were selected for higher-energy collision dissociation (HCD) fragmentation at 30 % of
654  normalized collision energy. HCD spectra were acquired in the Orbitrap at resolution 17,500,

655  AGC target 5e4, maximum injection time 120 ms with fixed mass at 180 m/z.

656 MS data was analyzed using MaxQuant 2.5.1.0 as previously described®' to obtain label-
657 free quantification (LFQ) values that were then used for data processing in Perseus 2.1.3.0%.

658  LFQ values were logz transformed and categorically grouped by replicates. Rows were filtered
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659  based on 2 valid values in each group and then missing values were replaced using a normal
660 distribution with a width of 0.3 and down shift of 1.8 (default values). Then, dataset was
661  normalized by subtracting the medians of each sample. After visually verifying a normal
662  distribution and a linear correlation, sample pairs were subjected to a two-tailed T test using a
663 FDR of 0.1 and a Sy of 0.1 to define a threshold of statistical significancy. Proteins were
664 represented in a volcano plot, according to the logz of their enrichment and the -log1o of the

665  T-test p-value.

666 An ANOVA test was carried out for indicated groups of proteins using a Benjamini-Hochberg
667 method with a FDR of 0.05 for truncation. Then, a post hoc Turkey’s Honest Difference
668  Significance (HDS) test for one-way ANOVA using a FDR of 0.05 was carried out. Proteins
669  were then filtered by ANOVA-significance and by category to represent in a heat map their
670  HDS scores, as indicated.

671 A batch normalization using empirical Bayes method was carried with the ComBat script®®

672  for PerseusR package® to make the heat map for all depletions (Fig. ED 9). Then, samples

673  were subjected to the statistical test previously described.

674 The proteins obtained from the MS experiments were categorised as follows. Proteins with
675  signal peptides or lipoprotein signal peptides were first extracted using SignalP 6.0°° to obtain
676  datasets containing only OM plus periplasmic proteins, or lipoproteins, respectively. Proteins
677  were then manually sorted to the categories OMP or SLP. This sorting was carried out using
678  Uniprot entry data that included AlphaFold®® models. Lipoproteins were only classified as SLPs

679 if they were either SusD homologues or if they were found at a locus coding SusCD systems.
680
681 Determination of cell surface exposure of SusE

682 The strain for analysis was transformed with plasmid pXL184 which expresses His-tagged
683  SusE. The cells were then grown overnight in CYE supplemented with erythromycin, and for
684  BAM subunit depletion strains with 0.2 ug ml™ aTC. Cells were collected, resuspended in CYE
685 medium, and then used to inoculate 10 ml of erythromycin-containing CYE medium to
686  ODg0o=0.02, supplementing with 0.2 yg mI™" aTC as required. The cells were cultured for 6 h
687  before being collected by centrifugation and resuspended in phosphate buffered saline (PBS)
688  containing 10 mM MgCl. to a total volume of 80 pl and ODsoo=1. Samples were supplemented
689 as appropriate with 200 uygml™" proteinase K (ThermoFisher) and 1% (v/v) Triton X-100
690  (Merck) and incubated for 20 min at room temperature. Reactions were stopped by the
691  addition of 5 mM phenylmethylsulphonyl fluoride (ITW Reagents) followed by incubation at
692 100 °C for 5 min, addition of SDS-PAGE sample buffer, and further incubation at 100 °C for

693 5 min before analysis by immunoblotting.
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694
695 Isolation of outer membrane vesicle fraction

696 The isolation of outer membrane vesicles (OMVs) was performed essentially as in *'.
697  Briefly, cells were separated from culture supernatant by centrifugation at 8,000 g for 5 min
698  and the pellets reserved as the whole cell fraction. Culture supernatant from the equivalent of
699 2 ml of culture at ODego=1 was filtered through a 0.2 ym filter (MilliporeSigma, Cat.
700  #SLGPR33RB) and concentrated using a 100 kDa molecular weight cut-off Amicon Ultra-4
701  centrifugal filter (MilliporeSigma, UFC810096) to produce the OMV fraction. Samples were

702  adjusted to equal volume before analysis by immunoblotting.
703
704  Isolation of a spontaneous suppressor of BamG depletion

705 The BamG depletion strain XLFJ_1140 was grown overnight in CYE medium supplied with
706  aTC. 1 ml of cells was collected by centrifugation at 8,000g for 3 min, washed once with CYE
707  and then diluted to a starting ODgp0=0.2 in 10 ml fresh CYE medium without aTC. After
708  culturing for 6 h, cells were diluted 1:200 into fresh CYE medium without aTC and cultured for
709  a further 2 days before plating on CYE agar to obtain single colonies. Individual clones were
710  cultured in parallel with and without aTC in CYE and the expression of BamG analysed by
711  whole cell immunoblotting. Clones that grew without aTC but still expressed BamG only
712 following aTC induction (showing that they were not constitutively de-repressed for BamG
713 synthesis) were subjected to genome sequencing (Plasmidsaurus). This identified the
714  potential suppressor mutation bamA(Q801K) which was introduced into a BAM wild-type
715  background, followed by successive deletions of bamG and bamG2 to produce the bamG®**
716  strain XLFJ_1198.

717
718  Cryo-EM sample preparation and imaging

719 4 ul of either fraction A (for the BAMF complex,1.3 mg/ml) or fraction B (for the BamAP
720  complex, 1.3 mg/ml) of the BAMg; preparation (Fig. 1a), or of the BamP-deleted BAM complex
721  (ABamP complex, 1.2 mg/ml) was adsorbed onto glow-discharged holey carbon-coated grids
722 (Quantifoil 300 mesh, Au R1.2/1.3) for 10 s. Grids were blotted for 2 s at 10 °C, 100% humidity

723 and frozen in liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific).

724 Movies were collected in counted mode, in Electron Event Representation (EER) format,
725  on a CFEG-equipped Titan Krios G4 (Thermo Fisher Scientific) operating at 300 kV with a
726  Selectris X imaging filter (Thermo Fisher Scientific) and slit width of 10 eV, at 165,000x

727  magnification on a Falcon 4i direct detection camera (Thermo Fisher Scientific), corresponding
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728  to a calibrated pixel size of 0.732 A. Movies were collected at a total dose ranging between
729  52.0-60.3 e/A? (Table 1), fractionated to ~ 1.0 e/A? per fraction for motion correction.

730
731  Cryo-EM data processing

732 Patched motion correction, CTF parameter estimation, particle picking, extraction, and
733 initial 2D classification was performed in SIMPLE 3.01%. All downstream processing was
734  carried out in cryoSPARC2% or RELION 4.03%, using the csparc2star.py script within UCSF
735  pyem4™ to convert between formats. Global resolution was estimated from gold-standard
736 Fourier shell correlations (FSCs) using the 0.143 criterion and local resolution estimation was
737  calculated within cryoSPARC.

738 The cryo-EM processing workflow for the BAMr; complex is outlined in Exended Data Fig.
739 1. Briefly, particles were subjected to one round of reference-free 2D classification (k=200)
740  using a 240 A soft circular mask within cryoSPARC resulting in the selection of 2,153,927
741  clean particles. A subset of these particles (180,179) was subjected to multi-class ab initio
742  reconstruction using a maximum resolution cutoff of 7 A, generating four volumes. These
743 volumes were lowpass filtered to 20 A and used as references in a heterogeneous refinement
744  against the full 2D-cleaned particle set. Particles (903,299) from the most populated and
745  structured class were selected and non-uniform refined against their corresponding volume
746  lowpass-filtered to 15 A, generating a 3.0 A map. Bayesian polishing in RELION followed by
747  duplicate particle removal generated a 2.5 A map after non-uniform refinement, which could
748  be further improved to 2.3 A after local and global CTF refinement (fitting beam tilt and trefoil
749  only). These particles were then subjected to heterogeneous refinement against four
750  compositionally distinct volumes previously generated by RELION 3D classification (k=8, 3.75
751  °sampling) of a particle subset of pre-polished particles. Particles (274,708) belonging to the
752  class with strong BamD and POTRA densities were selected and non-uniform refined against
753  their corresponding volume, generating a 2.4 A map. Additional alignment-free 3D
754  classification in RELION was performed (k=6) using a soft mask covering BamD and the BamA
755  POTRA domains yielding a class with stronger density. Particles (55,795) from this class were
756  selected and non-uniform refined against a previous volume lowpass filtered to 15 A,
757  generating a consensus 2.7 A volume. Local refinements were performed against the
758  consensus volume (lowpass filtered to 7 A) using soft masks covering the BamD/POTRA
759  domains or extracellular density, yielding 3.2 A and 2.7 A volumes, respectively. ChimeraX®

760  was used to generate a composite map from the consensus and individual focused maps.

761 The cryo-EM processing workflow for the BamAP complex is outlined in Extended Data Fig.

762 6. Two datasets were collected for this sample. In the first dataset particles were subjected to
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763  two rounds of reference-free 2D classification (k=200) using a 200 A soft circular mask
764  resulting in the selection of 979,474 clean particles. These particles were then subjected to
765  multi-class ab initio reconstruction (k=4) using a maximum resolution cutoff of 8 A, generating
766  four volumes. Particles (514,326) belonging to the two most prominent volumes were
767  combined and non-uniform refined against one of their corresponding volumes, lowpass-
768 filtered to 15 A, generating a 3.7 A volume. The second particle dataset underwent four rounds
769  of 2D classification (k=200, 200 A soft circular mask) followed by multi-class ab initio
770  reconstruction using a maximum resolution cutoff of 7 A, generating six volumes. Particles
771  (438,412) from the most populated class were selected and refined against their
772  corresponding volume lowpass-filtered to 15 A, generating a 3.7 A volume. Particles from
773  both datasets were independently polished within RELION, combined, and non-uniform
774  refined, fitting per-particle CTF parameters, yielding a 3.5 A map. Alignment-free 3D
775  classification was subsequently performed within cryoSPARC (k=6), using a soft mask
776  covering the full protein density of the complex. Particles (96,076) from the class
777  demonstrating strong density for the N-terminal domain of BamP were selected and non-
778  uniform refined against their corresponding volume, lowpass filtered to 15 A, generating a 3.7
779 A map.

780 The cryo-EM processing workflow for the ABamP complex is outlined in Extended Data Fig.
781 5. Briefly, particles were subjected to two rounds of reference-free 2D classification (k=200)
782  using a 180 A soft circular mask within cryoSPARC resulting in the selection of 1,177,554
783  clean particles. These particles were then subjected to multi-class ab initio reconstruction
784  using a maximum resolution cutoff of 6 A, generating six volumes. Particles from volume
785  classes containing BamA barrels were independently non-uniform refined against their
786  corresponding volume, lowpass filtered to 15 A. These particles were subsequently combined
787  and refined against a volume (lowpass filtered to 15 A) from the most populated class,
788  generating a 3.6 A consensus volume. Bayesian polishing in RELION followed by non-uniform
789  refinement and fitting of per-particle CTF parameters plus beam tilt and trefoil generated a 3.5
790 A map. Map quality was further improved by non-uniform refinement of a cleaner particle set
791 (534,368 particles) generated by an additional round of 2D classification (k=100, 180 A soft
792  circular mask), despite no increase in nominal resolution. A second B-barrel could be resolved
793  in map density at low contour level (0.08). Attempts to improve map quality for this partner -
794  barrel, through extensive 3D classification and local refinement schemes, did not improve map

795  quality for this region.
796
797
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798  Model building, structure refinement, and figure preparation

799 Iterative model building and real-space refinement using secondary structure, rotamer, and
800  Ramachandran restraints was performed in Coot v0.9°' and Phenix®?, respectively. Validation
801  was performed in Molprobity®® within Phenix. Cryo-EM data collection, image processing and
802  structure refinement statistics are listed in Supplementary Table 1. Figures were prepared
803  using UCSF ChimeraX v.1.4%.

804
805
806  Data availability

807 Cryo-EM density maps and atomic coordinates are deposited in the Electron Microscopy
808 DataBank (EMDB) with the following accession numbers: EMD-48835 (BAMf composite
809  map), EMD-48832 (BAMf; consensus map), EMD-48833 (BAMf BamGM-focused map),
810 EMD-48834 (BAMf BamADP-focused map), EMD-48836 (BamAP complex), EMD-48837
811  (BamAD complex). Atomic coordinates are deposited in the Protein Data Bank (PDB) with the
812  following accession numbers: 9N2D (BAMf complex), O9N2E (BamAP complex), 9N2F
813  (BamAD complex).

814 Requests for materials should be addressed to BCB.

815
816
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Fig. 1 | Structure of the F. johnsoniae BAM complex

a, Size exclusion chromatography profile of the purified BAMg complex and Coomassie-
stained SDS—-PAGE gel of the indicated fractions. Band identities were assigned on the basis
of peptide fingerprinting. Fraction A was used to determine the structure of the full BAMFj
complex and fraction B to determine the structure of the BamAP complex. Similar data were

obtained for three independent preparations.
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825 b, CryoEM volume for the BAMr; complex. The volume is shown at a high contour level
826  (coloured) and at a low contour level (semi-transparent grey with AlphaFold-modelled protein

827  structures placed in the density in cartoon representation).

828 ¢,d Comparison of (c) the most similar E. coli BAM complex structure (darobactin-bound
829  complex, PDB 8adi) with (d) the F. johnsoniae BAM complex. Structures are shown in a
830  cartoon representation with lipids and metal ions in spacefill atom representation coloured by
831  element, and Darobactin-9 bound to the E. coli structure in red. The inferred position of the

832  OM is indicated by grey lines.

833 e-i, Views of the F. johnsoniae BAM complex with protein components in space filling

834  representation coloured by subunit and lipids shown as atom spheres coloured by element.

835 e, View of the whole complex looking towards the lateral seam. The complex is oriented as in
836  (c) Centre.

837  f,9, Ordered lipid molecules on opposite sides of the BamA-BamF interface.

838 f, The N-acyl and S-diacylglyceryl groups attached to the N-terminal cysteine of the lipoprotein
839 BamG.

840 g, The resolved portion of a lipopolysaccharide (LPS) molecule in the outer leaflet of the OM

841  and two phospholipid molecules on the inner leaflet of the OM.

842  h, View from the periplasm towards the exterior. The periplasmic side of the complex has been

843  cut away as far as the midpoint of the membrane.

844 i, View from the exterior towards the periplasm. The extracellular side of the complex has been

845  cut away as far as the midpoint of the membrane.
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Fig. 2 | Structural features of the F. johnsoniae BAM complex subunits

a,b, Comparison of the F. johnsoniae and E. coli BamA barrels. The barrels are shown in the
same orientation in cartoon representation with the strands closest to the viewer removed and

loops highlighted as annotated.

a, F. johnsoniae BamA together with the loop of BamP within the BamA barrel. The residue

GIn801 that is substituted in the bamG suppressor mutant, together with residue Gly591 to
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853  which the side chain of GIdn801 makes a main chain hydrogen bonding interaction, are shown

854  in ball and stick representation and coloured by element.
855 b, E. coliBamA (PDB: 8adi).

856 ¢, Carton representation of BamP (yellow). The BamA barrel (blue) is shown in cutaway for

857  orientation.

858 d, Sequence conservation and intra-chain interactions of the inter-domain loop of BamP

859  (cartoon with ball and stick side chains) within the BamA barrel (grey surface).

860  e,f Superimposition in cartoon representation of BamF (chainbows colouring) and FadL (grey,
861  PDB 3dwo). A proposed substrate-mimicking CsEg detergent molecule in FadL is shown in
862  grey spheres. In (f) the front walls of the barrels, oriented as in (e) Left, are cut away and the
863  N-terminal amino acid of FadL together with the equivalent sequence position residue in BamF

864  are shown as spheres.

865 g, View from outside the cell showing how the N-terminal region of BamG is bound by BamF.
866  BamF is shown in surface representation with the N-tail (residues 1-32) coloured blue. Partial
867  structures of BamA and BamG are shown in cartoon representation with the N-terminal
868  cysteine of BamG and its attached lipid groups shown as atomic spheres and coloured by
869  atom.

870 h, The BAMg, extracellular canopy in cartoon representation viewed from BamA with the
871  BamF-proximal end at the bottom of the panel. Glycosylation of BamF and bound calcium ions

872  and their co-ordinating residue side chains in BamM are shown in ball and stick representation.

873 i, Surface conservation (Left) and electrostatics (Right) of the extracellular canopy in the same

874  orientation as (h).
875

876
877
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a Phylum (FCB) Class Family Species BamA BamD BamF BamG BamM BamP SusC SusD SprA
Flavobacteriaceae Flavobacterium johnsoniae UW101 . . o . . eoee + + .
Flavobacteriia Flavobacteriaceae Capnocytophaga canimorsus Cc5 . . + +
eae ifer DSM 15868 . . + +
Cytophagia Cytophaga hutchinsonii ATCC 33406 . . + +
Thermoflexibacter ruber ATCC 23103 . . + +
Bateroidota Chitinophagia Chitinophaga pinensis ATCC 43595 B . £ i
Bacteroides thetaiotaomicron ATCC 29148 . + +
Bacteroidia Porphyromonas gingivalis W83 . . + +
Prevotella intermedia ATCC 25611 + +
Sphingobacteriia Sphingobacterium spiritivorum ATCC 33300 . . + +
Saprosporia Aureispira sp. CCB-QB1 + +
Balneolota Gracilimonas mengyensis DSM 21985 + +
Ignavibacteriota Ignavibacterium album JCM 16511 +
Rhodothermota Salinibacter ruber DSM 13855 + +
Chlorobiota Chlorobaculum tepidum DSM 12025
Fibrobacterota Fibrobacter succinogenes S85
Gemmatimonadota Gemmatimonas aurantiaca strain DSM 14586 . . + +
Calditrichota Caldithrix abyssi DSM 13497 . . .o . + +
Abam
b P wt c d
BamA e
BamD
f g h

878

879  Fig. 3 | Phylogenetic distribution of BAMg; subunits and structural consequences of the
880 loss of BamP.

881 a, Distribution of BAMF subunit homologues within representative members of the
882  Bacteriodota and wider FCB superphylum. The presence of each copy of a coding gene is
883 indicated by a green dot. Also shown is the distribution across these strains of members of
884  the SusC and SusD protein families (red +) and the 36-stranded T9SS translocon barrel SprA.
885  See also Table S2.

886 b, Comparison of the structure of the BamAD complex isolated from a BamP-deleted (AbamP)
887  background (Left) and a BamAP complex purified from the wt background (Right). The

888  proposed phenylalanine residue is shown in orange spacefill.

889  c-e, Overlay of the structures shown in (b) aligned on the N-terminal 100 residues of the BamA
890  barrel.

891 d, The BamA barrel viewed from the extracellular side of the membrane.
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e, Detail showing the enlargement of the sheet between the BamA barrel N- and C-termini in
the absence of BamP and the incompatible binding modes of BamP and the putative
phenylalanine ligand (orange spacefill). The C-termini of the BamA models are shown as

spheres.

f-h, Views of the cryoEM volume for the BamAD complex isolated from a BamP-deleted

background reveal a partially occupied second barrel incorporated in the micelle.
f, Side view coloured as in (b Left) with unassigned density coloured silver

g, Top-down view of a slab cut at the level of the putative phenylalanine (orange) bound in the

lateral seam.

h, Two views of the putative phenyalanine bound in the lateral seam and viewed (Left) from
the BamA exterior or (Right) perpendicular to the phenylalanine ring and with the BamA barrel

cut away to reveal the phenylalanine density.
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906

907 Fig. 4 | Depletion analysis of the essential F. johnsoniae Bam complex subunits.

908  Strains are the wild type (wt, XLFJ_1078) and corresponding depletion strains for BamA
909  (bamA%r, XLFJ_1129), BamF (bamF®P, XLFJ_1115), and BamG with either a strong
910  (bamG?*r, XLFJ_1140) or weak (bamG" P XLFJ_1130) inducible promoter.

911 a-d, Time course of subunit depletions. The indicated strains were cultured in rich (CYE)
912  medium. The aTC inducer of the target gene was removed (-aTC) at t=0 h where indicated to
913 initiate subunit depletion. Samples in b-d were taken at the indicated time points in a. Similar

914  data were obtained for three biological repeats.
915 a, Growth curves. Shown are the means + 1 SD.

916 b, Whole cell immunoblots. BamA and BamF are detected via epitope tags. SkpA is a
917  periplasmic protein to control for OM integrity. GroEL is a cytoplasmic loading control. The

918  blots for the depleted subunit are boxed in red.

919 ¢, Representative transmission electron microscopy images showing OM defects in the
920  depletion strains. wt and bamG" " strains were sampled at the 6 h time point in a. Yellow
921  arrows highlight budding OM vesicles. Black arrows highlight OM blebbing and rupture. Scale
922 bar, 500 nm.
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923 d, Depletion of Bamg; subunits does not change the surface exposure of the SLP SusE.
924  Strains expressing a protease-sensitive His-tagged variant of SusE (SusE™®, see Extended
925  Data Fig. 7h) were recovered at 6 h after initiation of depletion and treated as indicated with
926  Proteinase K and the detergent Triton X-100 (to permeabilise the OM). Reactions were
927  stopped immediately (to) or after 20 min (t20) and analysed by immunoblotting with His tag
928  antibodies. The periplasmic protein SkpA serves as an OM integrity control. Similar results

929  were obtained from 3 biological repeats.

930 e, Comparative whole membrane proteome analysis of depleted (-aTC) versus induced
931 (+aTC) for strains harvested at the 6 h time point in a. Data points for OMPs and SLPs are
932  coloured as indicated. The data points corresponding to the most highly expressed OM
933  proteins (OmpA, SusCDE, Fjoh_0736) are labelled. A significance threshold is drawn
934  according to t-test parameters for a FDR of 0.1 and a Sy of 0.1. Data are averaged over three

935  biological repeats.

936 f,g Phenotypic analysis of chronic BamG depletion in an induced strain (bamG" P + aTC) in
937  which a weak promoter results in the incomplete restoration of wild type BamG levels. Similar

938  results were obtained for 3 biological repeats.
939  f, Whole cell immunoblots. Arrow, BamG; *, non-specific band.

940 g, As in (e) but a comparison of chronic BamG depletion (bamG"°“P strain +aTC) relative to
941  the wt strain.
942
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943

944  Fig. 5 | Characterisation of a bamG suppressor mutant

945  Comparative characterization of the recreated bamG** mutant (bamA®%°'" AbamG AbamG?2,
946  strain XLFJ_1198) and wild type (wt, strain XLFJ_1078) strains. a,b,d,e,f Similar data were
947  obtained for three biological repeats. Cells were analysed (b,e) and membranes prepared
948  (c,d,f) at the 6 h time point in a.

949  a, Growth on rich (CYE) medium in the absence of aTc. Error bars show the mean £ 1 SD.

950 b, Whole cell immunoblots. SkpA is a periplasmic protein to control for OM integrity. GroEL is
951 acytoplasmic protein as loading ocy. BamA and BamF are detected via epitope tags. *, non-

952  specific bands.

953 ¢, Representative transmission electron microscopy images of the wt and bamG®** mutant.

954  Yellow arrows highlight budding OM vesicles. Scale bar, 500 nm.

955 d, Comparative whole membrane proteome analysis of the bamG®* strain relative to a BamG-
956  induced strain (bamG" +aTC). Data points for OMPs and SLPs are coloured as indicated.
957  The data points corresponding to the most highly expressed OM proteins (OmpA, SusCDE,
958  Fjoh_0736) are labelled in pink. Proteins that show poor recovery in the bamG®* strain in a

959  post hoc ANOVA analysis with BamG-induced and depleted strains are numbered as in
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960 Extended Data Fig. 8b. A significance threshold is drawn according to t-test parameters for a
961 FDR of 0.1 and a Sp of 0.1. Data are averaged over three biological repeats.

962 e, Size comparison between BAMg and a typical SusCD complex and OmpA. SusCD and
963  OmpA are illustrated using homologous proteins of known structure from other organisms

964 (labelled with the PDB accession numbers).
965
966

967
968
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969

970

971 Extended Data Fig. 1 | Workflow for the cryoEM analysis of the F. johnsoniae BAMF;
972  complex.

973 TwinStrep-tagged BamA complexes were purified by Streptactin affinity chromatography and
974  size exclusion chromatography and the major (highest molecular size) peak was analyzed.
975 See Fig. 1a for corresponding SDS-PAGE analysis of this material. Image processing
976  workflow for the BamA complexes.

977
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978
979

980
981
982 Extended Data Fig. 2 | Map quality metrics for the BAMg complex.

983  Gold-standard Fourier Shell Correlation (FSC) curves used for global resolution estimation (a)
984 and local resolution estimate (b) of consensus (top), extracellular (middle), or periplasmic
985  (bottom) volumes from the BAMg; complex.

986

987
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a
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BamF BamM BamH BamP
b
C
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N
C

BamH

Extended Data Fig. 3 | Further structural analysis of the BAMg complex.

a, Chain ordering. The indicated subunit in each panel is rainbow-coloured from the N- (blue)
to C-terminus (red).

b, BamG (green) in cartoon representation viewed from the direction indicated on the Left

Hand model and overlaid with the closest structural homologue, the chondroitin sulfate-binding
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994  carbohydrate binding module of a chondroitinase (dark grey, PDB 8wab, RMSD 2.5 A across
995 64 equivalent residues) which is defined as a DNRLRE domain-containing protein by
996  UniProtKB.

997 ¢, BamM (tan) in cartoon representation viewed from the direction indicated on the Left Hand
998  model and overlaid with the closest structural homologue, the peptidyl-prolyl isomerases (PPI)
999  subunit (dark grey) from the SprA Type 9 translocon complex (PDB: 6h3i chain B, RMSD 0.75

1000 A across 74 equivalent residues).
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1001
1002  Extended Data Fig. 4 | Phenotypic characterisation of strains with deletions in BAM;

1003  subunits or BAME; subunit homologues.

1004  a, Immunoblots of whole cells and isolated membranes of strains containing in-frame deletions
1005  of bamM or bamP. The cytoplasmic protein GroEL and OM protein OmpA were used as

1006  loading control. *, non-specific band. Similar results were obtained from 3 biological repeats.

1007 b, Results of attempts to delete Bamr; subunits and their homologues in different genetic
1008  backgrounds. Mutant and their combinations that were viable are indicated by green dots,
1009  while those that could not be constructed are indicated by red dots and are assumed to disrupt

1010  essential cell functions.

1011 ¢, Growth curves on rich CYE medium. Shown are the means + 1 SD from three biological

1012 repeats.

1013  d, OM integrity assays. Cells were grown on CYE agar with the indicated additions. Van,

1014  vancomycin.

1015 e, Growth curves on minimal medium containing either galactomannan or xyloglucan as

1016  carbon source. Shown are the means £ 1 SD from three biological repeats.

1017  f, Spreading (gliding) morphology of colonies on agar. Scale bar, 5 mm.
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Extended Data Fig. 5 | Workflow for the cryoEM analysis of the BamA complex isolated

from a AbamP background.

a, Size exclusion chromatography profile of BamA complexes purified from a BamP-deleted
background together with a Coomassie-stained SDS—-PAGE gel of the indicated peak fraction
that was used for structure determination. BamA* indicates a proteolysis product of BamA.

Similar results were obtained from 2 biological repeats.
b, Image processing workflow for the ABamP complex.
¢, Gold-standard Fourier Shell Correlation (FSC) curves used for global resolution estimation.

d, Local resolution estimate of the volume, displayed at two contour levels.
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Extended Data Fig. 6 | Workflow for the cryoEM analysis of the BamAP complex.

The sample used was fraction 2 from Extended Data Fig. 2a.

a, Image processing workflow for the BamAP complexes.

b, Gold-standard Fourier Shell Correlation (FSC) curves used for global resolution estimation.

¢, Local resolution estimate of the volume.
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1035
1036

1037 Extended Data Fig. 7 | Depletion analysis of the essential F. johnsoniae Bam complex
1038  subunits.

1039  a, Design of an anhydrotetracycline (aTC)-inducible system for the depletion of essential target
1040  genes in F. johnsoniae. The TetR repressor is constitutively expressed under the control of
1041  the F. johnsoniae ompA promoter (Pompa) and the target gene is regulated by a designed TetR-
1042 repressed promoter (Pinquc). In the presence of the inducer aTC repression of the target gene
1043 by TetR will be released. The genetic system is integrated into the F. johnsoniae chromosome

1044 at a neutral locus.

1045 b, Sequences of the designed inducible Pompa-induc @and Pron_os24-induc promoters. tetO2 arrays
1046  are placed upstream and downstream of the conserved -33 and -7 RNA polymerase binding

1047  sites (boxed) of the selected promoters.

1048 ¢, Tight regulation of protein expression by the designed inducible systems. Strains expressing
1049  NanoLuc under the control of either the Pompainac promoter (XLFJ_1095) or the Pjon_os24induc

1050  promoter (XLFJ_1100) were grown to mid-exponential phase (ODe00=0.6) in the presence or
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1051  absence of aTC and the luminescence signal measured. Error bars represent the mean + 1
1052  SD from three biological repeats. P values were determined with Student’s t-test. RLU, relative

1053 luminescence units.

1054  d, Comparison of the expression levels of Bam subunits in the wild type strain (wt, XLFJ_1078)
1055 and corresponding depletion strains grown in the presence of the inducer aTc (bamA®®,
1056  XLFJ_1129; bamF®?, XLFJ_1115; bamG®®, XLFJ_1140). Whole cell immunoblotting of cells
1057  grown to mid-exponential phase (ODe00=0.6). The blots for the depleted subunit are boxed in
1058  red. The BamG blot for the BamG depletion comparison is overexposed (OE) relative to the
1059  other BamG blots in order to detect the low levels of BamG in the depletion strain. BamA and

1060  BamF are detected via epitope tags. *, non-specific band.

1061 e, Phase contrast images of cells sampled at the indicated time points in the BAMg; subunit
1062  depletion experiments shown in Fig. 4a. Scale bar, 10 ym. Similar results were obtained for 3

1063  biological repeats.

1064 f, The major F. johnsoniae SUS complex is composed of SusC (Fjoh_0403), SusD
1065  (Fjoh_0404), and SusE (Fjoh_0405). The native SUS complex was purified via a Twin-strep
1066  tag on the N-terminus of SusC followed by size exclusion chromatography and analysed on a
1067  Coomassie-stained SDS—PAGE gel. Proteins were identified by peptide mass fingerprinting.

1068  Similar data were obtained for the two biological repeats.

1069 g, Outer membrane vesicle (OMV) production does not increase upon BAM depletion.
1070  Immunoblotting of the OM protein SusC in whole cells or the OMV fraction at the 6 h time point
1071 in Fig. 4a. GroEL serves as loading control. Similar results were obtained for 3 biological

1072  repeats.

1073 h, An exogenously-expressed His-tagged variant of SusE (SusE™) is incorporated into the
1074  native SusCDE complex. SusC-containing complexes were purified as described in f from
1075  cells expressing SusE™ from a plasmid. The purified material was separated by SDS-PAGE
1076  and characterized by Coomassie-staining (Left) and anti-His tag immunoblotting (Right).

1077  Similar data were obtained for two biological repeats.

1078 i, Exemplar Coomassie-stained SDS-PAGE gel of the whole membrane samples used for the
1079  comparative proteome analysis (Fig. 4e,g) of induced/non-induced (i.e. undepleted/depleted)
1080  BAM subunit depletion strains harvested at the 6 h time point in Fig. 4a. Proteins present in
1081  the two obviously depleting bands were assigned by peptide mass fingerprinting. The data

1082  are representative of the three repeats used for the proteomics analysis.
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Extended Data Fig. 8 | OM proteomics data comparisons.

Heat maps of the indicated strains after hierarchical protein clustering of the entire datasets
and post hoc ANOVA testing. Only proteins classified as OMPs or SLPs are displayed.
Colours indicate HSD (honestly significant difference) values according to the intensity panel.
a, Comparison of the datasets used in Fig. 4e and 4g.

b, Comparison of the bamG®** mutant dataset with the induced and non-induced bamG®®
datasets. The non-recovered proteins are numbered as in Fig. 5d and assigned to SusC,
SusD, other SUS SLP, or TonB-dependent transporter (TBDT) protein families. TBDTs are
22-strand OMPs that are related to the SusC family.
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Extended Data Fig. 9 | Isolation of BamA complexes after 6 h of depletion of the
essential BamF or BamG subunits or in the absence of BamM. Size exclusion
chromatography profile of twin strep-tagged BamA complexes purified by streptactin affinity
chromatography (Left) and a Coomassie-stained SDS-PAGE gel of the indicated peak
fractions (Right). BamA* indicates a proteolysis product of BamA. The identities of the BamA*
and BamD + BamP bands were assigned by peptide fingerprinting. Similar results were

obtained from 2 biological repeats.
a, Purification from the BamM deletion mutant XLFJ 998.

b, Purifications after the depletion of BamF (strain XLFJ_1115) or BamG (strain XLFJ_1140)
for 6 h.

45


https://doi.org/10.1101/2025.02.17.638638
http://creativecommons.org/licenses/by/4.0/

1108
1109

1110
1111

1112
1113

1114
1115

1116
1117

1118
1119
1120
1121
1122

1123

1124
1125
1126
1127
1128

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.17.638638; this version posted February 17, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

10 10° —— 10 10°

a 10° — 10 10°

wt
bamG*"*

bamG*** AbamM
bamG®** AbamP,2,3

CYE + 100 pg/ml Van

b bamGSUP

to t20
- + + - + + proteinase K
-+ - -+ Triton X-100

wt bamG**

W SusE"s _) ~;- ;| u ‘

- S

Extended Data Fig. 10 | Phenotypic characterisation of the bamG*“? strain.

Characterization of the recreated bamG*** mutant (bamA“*"X AbamG AbamG2). wt, wild type.

Similar results were obtained for three biological repeats.

a, OM integrity assays. Cells were grown on CYE agar with the indicated additions. Van,

vancomycin.

b, Surface exposure of the SLP SusE. Strains expressing a protease-sensitive His-tagged
variant of SusE (SusE"') were treated as indicated with Proteinase K and the detergent Triton
X-100 (to permeabilise the OM). Reactions were stopped immediately (to) or after 20 min (t2o)
and analysed by immunoblotting with His tag antibodies. The periplasmic protein SkpA serves
as an OM integrity control.

¢, Spreading (gliding) morphology of colonies on agar. Scale bar, 5 mm.

d, Purification of the native SusCDE complex via a Twin-strep tag on the N-terminus of SusC
followed by size exclusion chromatography. Analysed on a Coomassie-stained SDS—-PAGE

gel.
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